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=1-SUMMARY OF LABORATORY TESTING OF SEVERAL

I?LmAusT-GAsAND AIR BEAT EXCHANGERS

By L. M. K. Boelter, A. G. Guibert, F. E*
V. D. Sanders, and J. M. Rademcher

Rcmie,

A comparison of the thermel perfomnance and pressure-drop character-
istics of heat exchangers tested on the University of (kl.iforniaheat-
exchanger test stand is presented. These exchangers included both
pa?allel and cross-flow units as w+l as extended-surface and all-prime-
surface units. All the heater performances were reduced to a uniform
basis for purposes of ccmLparison. This uniform basis was obtained by
fixing the temperature difference of the exhaust gas ~d of the venti-

.- —

lating air at inlet and by choosing fixed exhaust-gas and ventilating- ._
-.

air weight rates. The results ere presented in tabulsr form and in-a
series of performance chsrts for each heater. When sever- heaters were ““=’
tested with two or more air shrouik, a comparison was made on the basis
of results obtained with only one shroud in order to avoid duplication.

A description of the testing techniques used duriq tiese test=,~d, ...._.
a discussion of the measuramnt of the vsrlables - temperature, weight “- ___
rate, and ~essure drop - sre presented=

INTRODUCTION

The investigation of aircraft heaters at the University of California
has resulted In the testing of a nmber of heat exch@ers; the test
data for most of these exchangers have been published in references 1 =
to 10. Because of the variety in the types of heat”exchangers te-sted,

.-

a report in which all these data would be condensed, and frcm which the
relative merits of the heaters could be estimated by &Lrect ccmparisofi
of sll the factors involved, was thought desirable. Inasmuch as W
these heat exchangers were tested at different e*USt-@s rstesj the _

—

experimental data were plotted.and, by interpolation, the heater
performance at sn exhaust-gas weight rate of 5000 pounds per hour was
chosen as the basis of comparison. The inlet temperatures of the fluids-
were taken as 1600° F for the exhaust gas and 50° F for the ventilating
air, corresponding to an inlet temperature difference of 1.5X0 F. The

ex~erimentsl data were adjusted to these conditions by csl.ulatim.
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A report (reference 11) has b’eenpublished which presents results
obtained at the Ames Aeronautical Laboratory (referred to as Ames in the 7
present report) on the performance of several heat exchangers, some of
which were also tested here. Because 82.1the heat exchangers for which
performance data are presented in this report were.not tested at -s,
the same method of heater designation is not used. In all cases where
the heat exchanger was also tested by Ames, however, the Ames designation
is given in table I to facilitate identification. A point of difference
between the Ames data and the data in this report is that the exhaust-gas
weight rate used as the basis of comparison is not the same, the value in
the Ames report being 3300 pounds Ter hour and.the valuein this report
being 5000 pounds per hour. This is an undesirable feature, but it was
unavoidable because of the fact that the ?m~oiity of the heat exchan&s
in the present work had been tested at exhaust-gas rates-higher than
3300 pounds per hour, and extrapolation to ~000 pounds par hour was

.

preferable to ex”t.rapolationto 3300 pounds per hour. In-addition, the
instrumentation of the test setups differed because the Ames tests were
flight tests of the heat exchangers and consequently the spatial Imi-
tations were different. In the Ames tests, the exhaust-~s flow was —

froman aircraft engine, metered by a venturi section, and all pressure
drops (%oth isothermal.and nonisothernwl) were measured using st&tic-
pressure wall taps and static-pressure tubes.

If the heater thermal performances obtained at Ames are compared
with those obtained at this laboratory (at equivalent conditions), it

4.

is found that the Ames results =e about 12 percent lower, on the average.
This deviation may be due in part to the differences in arrangement of -2
the experimental apparatus and instrumentation.

This wmk was conducted at the Uhlversity of California under the
sponsorship and with the financial assistance
Conmittee for Aeronautics.

REDUCTION OF DATA

Heat Transfer

of the National Advisory
.—

.-

—

Because the conditions for the tests of the heat exchangers were
different In each case, it was necesssry to adjust &U. results of
measurauent to a ccmmon basis before comparison could be attempted.
The basis for comparison of-the thermal outputs of the various heat
exchangers was chosen at en exhaust-gas weight rate of 50Q0 pounds qer
hour, a ventilating-air weight rate of 3000 potids per hour, and with J
an inlet temperature Ufference of 15500 F. The exp?xrimenteldata were
usually interpolated (or extrapolated) to the desired weight rates of .>
gas and air. The method of corrqctlon of the thermsl output ga of -.
the heaters to the proper inlet temperature difference consisted in

@

multiplying the interpolated (or extrapolated)value of the thermal
output by the ratio of-the desired inlet fluid temperature dlf’ference
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(1550° F) tothe~-med tietfltidta~ratwe difference. This’
method of correction is based -uyon the eqzation, developed in refer-
ence 12,

!L~= KaWacpa
(‘gl Y

- Tal (1)

where

Ka . factor to account for heat losses to surroundings

Wa weight rate of ventilating air

Cp heat capacity of ventilating air
a

- Ta‘q 1
desired temperature difference of fluids at inlet ,

0 heater effectiveness

This last term, ‘lheatereffectiveness,llis a function of the fluid weight
rates and heat capacities, the over-all thermal conductance of the heater,
and the geometrical type of flow. ‘(Graphs of the heater effectiveness o
are presented in reference 13 for psra12el, counter, and cross flmi”of
the fluids.) If the over-all thermal conductance and the heat capacities
of the fluid are _postulatedto be independent of the fluid temperatures,
then the effectiveness @ is not a function of the inlet temperature
difference of the fluids.1- Consequently, for a given heater and fixed
fluid weight rates, the relationship between the heat transferred and
the inlet temperature difference Is linear.

Pressure Rrop

G?ilythe isothermal pressure drops are presented in this report.
These isothermal values correspond to the frictional pressure loss
within the heat-exchanger - duct systau because they are measurements
of the isothermal static-pressure drop taken’at stations of equal
cross-sectional areas of flow.’2 The air-side pressure drops are plotted

%!his postulate is only an approximation, but, as shown in appendix A
of reference 6, the error committed by using invariable thermal properties
was small even when the inlet temperature difference was changed by a
factor of about 2.

%his was true of dl etiaust-gas-side measuring stations, but on the
ventilating-air side, two shrouds, those use$ with exchangers C and P,”did
not have equal cross-sectional areas at inlet and outlet. h the first case,
of the two outlets pesent, only the cabin-air outlet differed in cross-
sectional area. In each case the necessary corrections were calculated end
added to the measured values.
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for an air temperature of 100° I’. The exhaust-gas-side_~essure drops
were corrected to a gas temperature of 1500° F. This ccmrection was
accomplished by multi~~ing the isothermal static-pressure drops by the
ratio of the absolute temperatures to the 1.13 power? This ratio donsists

‘ftwote-’>r%soo ‘r-)””” ‘e ftist ‘fthese’em
corrects for the variation of density with tem~rature, and the second
one corrects for the variation of the friction factor with viscosity
and consequently with temperature. The error involved-in using this
method for the correction of isothermal pressure-drop values fram one
fluid temperature to another lies in the fact that, whereas both the
preceding terms ere required for correction of the frictional pressure
losses, only one of them, the term correcting for the variation of

—

density with temperature, is valid for the correction of the expansion
and contraction losses which occur within the heat exchanger. Hence, an
error is introduced when these losses sre slso multiplied by the “ratio
of tqe absolute temperatures to the 0.13 power.

.
—

The 16 heat
grouys according

DESCRIPTION OF IUZAT-EXCHANGERUNITS -

exchangers discussed can be srranged into two distinct u

to the type of flow (paraUel and,cross.flow), and
each group can be subdivided into smaller grotipsaccordl

T
to the type

of construction. The subdivisions ere (1) flute type, (2 plate type, ‘d
(3) tule-bun~e tyye, =d (4) pin or fin type.- For purposes of-discussion
each heat exchanger is designated by a letter of the alphabet and referred
to by this letter throughout the report. Drawings and photographs of
the heat exchangers, as well as sketches of the test setup used for each
heat exchanger &d
figures 1 to 64.

~erformance curves for each heater, sze shown in

Parallel-Fluw Heat Exchangers

Fluted ty-pe(heaters A, B, C, D, and E).-”The five f_lutedheat
exc~ers shown in figures lS 5Y 9$ 12, and 16were’ all.-jrime-surface
units with alternate air- and exhaust-gas-side ducts arrq~ed clrcum-
ferentially around a hollow cylindrical core. In one of these,
exchanger E, the sides of the ducts were corrugated,”tho@h in other

—

respects l.tdiffered very little fram exchanger D. (See~igs. 12
and 16.) .I

Tlate type (heater F).- Though the flow characterist-icsof the plate-
type exchanger F were more nesrly those of cross flow at-inlet and outlet, > ‘“
this exchanger is considered to be in the parellel-flow grou~ because the
flow characteristics in the main body of the heat exchanger were predmni-
nantly those of paall.el flow. (See figs. 20 tid21.) “-
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Cross-l?lowHeat Exchangers

5

w

d’

Tube-bundle type (heaters G and H).- The two heat exchangers of the
tube-bundle type which were tested were sll-prtme-surface units.. Heat
exchanger G was a flattened-tube bundle tith ventilating air flowing
through the tubes and exhaust gas flowing over the staggered tu%es. ‘
(See fig. 24.)

Heat exchanger H is a circular-tube bundle which was tested.using
two different flow distributions. (See fig. 28.)

Plate type (heaters I and J).- The two plate-type heat exchangers
tested (see figs. 32 and36) were dd.-prime-surface units with alternate
passages for the ventilating air and the exhaust gas. Heat exchanger I
was of,flat-plate construction with beads and dimples to maintain the
spacing between the various sections. Heat exchanger J consisted of
alternate ventilating-air and exhaust-gas passages made of preformed -
sheets such that the exhaust-gas ~assages were diamond-slyapedand the

—.—.

rectangdar ventilating-air passages (cross flow) confomned to the
contours of the exhaust-gas passages.

I?inor fin t~e (heaters K, L, M, N, 0, and P).- The six pin- or fin-

t~e heat exchangers whi.chwere tested are shown in figures 40, 44, 48,
52, 56, and60. They were sJJ.the cylindrical-core Qpe. Heat exchan@s K
and L had pin-ty_peextended surfaces. The circular pins on exchanger
differed from those on exchanger L in that they were partially hollow. The
nuniberand spaci~ of the pins were likewise different. Exchanger Mwas
a cast-aluminum unit with circumferential fins machined on the”air side
and tith continuous longitudinal fins with tapered ends on the gas side.
Exchangers N and O were constructed somewhat alike, hut tiffered in the
materials used; exchanger N was made entirely of aluminum, whereas
exchanger O was built with copper fins on the afr side and with stainless-
steel fins on the gas side. The air-side fins were strip fins inserted
longitudinally into the heater shell and twisted so that they were alined
with the cross-flow air.stream. The fins on’the gas side were continuous,
longitudinal fins with tapering ends. Heat exchanger P was a slotted-fin
unit consisting of copper fins spot-welded to a stainless-steel shell.
The air-side fins were angle sections which were slotted and bent to fit .
around the circumference of the shell. The gas-side fins were channel
sections which were slotted at regular intervals. Two of the three
ventilating-air shrouds used in the tests on this exchanger are shown,
end the data obti’inedin using them are also presented. (See figs. 60
to 64.)

General Remarks ‘ .

Heat exchangers A, B, and C were 82.3.the same me of construction.--
merely differing in the d&ensions, particularly the lenghh. &e same “
shroud was used for the tests on exchangers A and B, but-a different
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shroud, an actual.installation design, was vsed in the tests on heat
exchanger C. As shown in figure 9, the “inletto the gas side of’
exchanger C was the main branch o~an engine exhaust-collector section, 3

the side branches being sealed off. The heat-transfer data for
exchanger C are far flow through the ‘foverboardt’duct only, the cabin-
air duct having been sealed off. —

Heat exchangers D andE were of the same general type of construction
except for the fact that exchanger E had corrugated walls for the passages.
(See fig. 16.) The same shroud was used in the tests of the two exchangers

H~at exchanger H, the circular-tube-lxmdletype, was tested with two
air shrouds of the same general dimensions which provided two different
arrangements of the tubes in order to vary the flow characteristics. Both
flow systems had staggered arrangements of the tubes$ but the longitu~nal
and transverse spacf~s were not the seine.

.

The flat-plate cross-flow heat exchanger I was another experimental
design for an actual installation. As seen in figure 32, the air-side
ductswere well varied. Figures 32 and 34 show the two ~utlets on the
exhaust-gas side. The data plotted ere for flow through both outlets.
Because the flow areas at the ventilating-air-side press~e measuring
stations were not eq~, static-pressurew~ taps were not desirable
and therefore the total pressures at these statims were measured by

—
.—

traversing with shielded total-pressure tubes.
.L,

The wave-plate heat exchanger J showh in figure 36,w= provided
with a shroud which had a variedinlet duct elb-owto distribute properly Q-

the ventilating air over the heat exchanger.
..
—

Heat exchangers K to 2, ell cross-flow, extended-surface units,
were tested using a full cross-flow shroud, detiignateda8-UC-l. In the
additional tests on heat exchanger p> which .iaa fin-type heat exchanger
using the shroud designated as A-1, characteristics of ti-agonalor se@-
cross flow of the ventilating air were produced. It should-be stated,
also, that heat exchanger O, the copper - stainless-steel fin type, had
been tested using still.another shroud before the tests using the
UC-1 shroud were made and that durihg these first tests some of the
brazing which connected the air-side fins to the heater shell melted
and consequently impaired the thermel output of this heat exchanger in
all subsequent tests. Because heat exchangers M and N were constructed
of aluminum, it was deamed advisable to test them at an inlet temperature
of about 1000° F rather than l&lOO F. The results plott=d in figures 51
snd 75 show the heater outputs measured at the inlet--temperature
of 1000° l?’and also the calculated values of the output at an inlet gas
temperature of 160° F.

—.

—

i

...

‘$ “-
.

All predicted values of heater output are based upaa an inlet v

temperature difference of the fluids of 1550° F (inlet t&2erature of.
.—=,

exhaust gas, l&lOO F; inlet temperature of ventilating air, 50° F).
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HHCUSSION OF HIZM!XRRESULTS
_.
#

The greatest heater output, the lowest air-side pressure drop, and
the next to lowest gas-side pressure drop were oltained with heat exchanger I.
The great thermal output was due, in part, to tie rather large area of heat

transfer. Heat exchanger G, the flattened-tube-bundle unit, and heat
exchanger J, the wave-plate Unit, yielded the next highest therml outputs,
and, in view of their smsller sizej were more effective on that basis. The
isothermal pressure drops, however, were se~er~ t~s larger wan those
for heat exchanger I.

All the all-prime-surface heat exchangers except D and H (using the
A-5 shroud) had thermal outputs greater than 200,000 Btu per hour, whereas
only one of the extended-surface units, the cast-aluminum exchanger M,
had a thermal output greater than 200,000 Btu per hour under the prescribed
conditions. These conditions are actually artificial as far as exchanger M
is concerned because the aluminum might not be able to withstand the high
exhaust-gas temperatures and might melt. The outputs of the aluminum
exchangers for an inlet teqerature M.fference of 1550° F are presented
in this report in order to permit comparison of heater t~es. It ~ be
that neither this exchanger M nor the other aluminum unit, exchanger N,
could be used directly in the exhaust-gas stream of aircraft engines, but
they could be used as secondary heat exchangers for cabin-air heating where
the hot fluid is the ventilating air from a pr-y exhaust-gas and air heat
exchanger.

It is worthy of note, also, that exchanger K, the ho~ow-pin-tme
unit, yielded a therml. output of almost 75 percent of that of the solid-
pin-type exchanger L though it weighed Less and had a smaller nuniberof
pins than exchanger L.

For an exhaust-gas weight rate of 5000 ponds per how, the exhaust-
gas-side isothernd pressure tio2s (Tg = 1500° F) =i~ from 3”17 inches
of water for the flat-@ate-type exchanger I to k2.7 inches of water for
the flattened-tube-bundle-t~e exchanger G. “Whereas most of the exchangers”- ““
had pressure drops below 2 inches of inercury,three exchangers, F, G, and M
(the flat-plate parallel-flow unit, the flattened-tube-bundle unit, and
the cast-aluminum fin-type unit, respectively), had higher pressure drops.
With respect to exchanger F, this hi@ pressure tiOP wo~d seem to be
wholly due to the entrance and exit losses caused by the transition sect-ions”-
from circular duct to rectangular heater, since the pressure drops on the
air side, where such transition sections are absent, were considerably
lower. In heat exchanger G, the high pressure drop was probably due to
the close spacing of the flattened tubes and could %e lowered by changing
the tube arrangement. For the case of exchanger M, the high pressure drop
on the exhaust-gas side, as discussed in reference 7} iS probably due in
great part to the roughness of the as-cast lateral surfaces of the longi-
tudinal fins on the exhaust-gas side.

—
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Talle I is included f’orpurposes of comparison at an exhaust-gas
weight rate of 5000 pounds per hour and a ventilating-air weight rate
of 3000 pounds per hour.

-d
The use of the table is limited because it

furnishes information on the individual heater performances under this
one set of conditions only. FormOre information the graphs of the
original report, referred to by reference nuniberin the fourth row of
table I, must be examined. The figures are grouped according to the
heater designation. With the exception of heat exchangers C and P,
there are four figures associated with each heat exchanger. These are:

(a) First figure: A semi-detailed drawing of the heat exchanger and
the ventilating-air shroud (or shrouds, if the heater was tested using
two different shrouds).

(b) Second figure: One or two photographs of the heat exchanger
and, in figures 2, 6, and 61 (heat exchangers A, B, anaP, respectively);
a photograph of the heater test setup. (A photograph ofiheat exchanger C
was not available.)

(c) Third figure: A diagrammatic sketch of the heat-exchanger test-
setup with pertinent dimensions. Heat exchanger P was tested using two
different shrouds, so,that two sketches are necessary. (See figs. 62
and 63.)

(d) Fourth figure: The graphs of the performance curves of each
heat exchanger are presented in this fourth figure. The abscissa for
the weight rate of fluid is not designated as being.for.either the air
or gas side because of the fact that the curves of performance on both
sides are presented. The thermal-petiormance curves, plotted for an
exhaust-#3s weight rate of 5000.pounds per hoti, are given as functions
of the ventilating-air weight ~te.
this Is the fifth figure.

IEscRIPrIoI’? OF

Teqehature

In the case of heat.exchanger P,

INSTRUMENTATION

Measurements

The measurement of fluid temperatures, obtained on the heater test
stand, usually was accomplished by using chromel-alumel traversing
thermocouples. When measuring the temperature of hot exhaust gases,
these thermocouples were shielded so as to minimize the heat loss by
radiation from the thermocouple Junction to the relatively cool duct well.
Shielding is necessary because this heat transfer by radiation causes
the temperature recorded by the thermocouple to be inaccurate, often by
as much as 150° ta 200° F at temperatures near 15000 F. (See references 14
and 15.) ll?hesource of thiB error can be understood by inspection of the
fallowing heat
thermocouple:

balance on the the~ocouple junction of en unshielded
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Heat in by forced convection =

?

Heat out by radiation to duct wall
+ Conduction elong leads

9

( r)4.Tw4)+U2~x~fcAl(T - tc) = uF@l Tc
=

where

fc unit thermal convective conductance over thermocouple
junction

Al surface area through which heat is being transferred

(2)

T fluid temperature

k thermel conductivity of metal in tube used
thermocouple or thermal conductivity of

leads

to support
the thermocouple

M cross-sectional area of tube or of thermocouple leads

●

% inner-weXl temperature of pipe

● Tw absolute inner-weU temperature of pipe

tc temperature of thermocouple junction

Tc absolute temperature of thermocouple junction

a Stefan-Boltmnann radiation constant —

F~ factor which takes into account geometrical arrangements
and emissivities of the radiating surfaces

x distance frcm thermocouple junction elong leads or
along suyport tu%e

The factor FM is equal to ●C, the Wssivity of the thermocouple

Junction, for the case of an unshielded thermocou~e Junction placed
in a pipe, because of the fact that the junction seesllall the pipe
and because only the emlssivity of the smalllerbody is important when.
a small body is placed within a relatively large enclosure. The
area Al for use in the radiation term of the equation need not be

J the seineas the area Al for use in the convection term of the equation
if there are re-entrant angles in the surface. In case there are such
angles, the area to be used in the radiation term is approximated by
using an effective llprojectedflerea. The effective emissivity of such
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a surface will be higher than the actual emissivity of the metal.. For
the unshielded thermocouple $unction, where the conduction term is
usually smaller than the radiation term and the heat-transfer areas for
convection end radiation are the same, the heat-balance quation (2)
csn be simplified to:

fc(T ( )- tc) =UCCTC4 - TW4 (3)

The thermocouple must measure the temperature of the fltuidaccurately;
hence T and *C must be made to approach each other and, consequently,
the heat transfer must a~oach zero. This can be accomplished for an
unshielded thermocouple only by causing Tw to approach Tc, that is,

to approach the absolute temperature of the fluid. The means available
sre insulation of the pipe and shielding of the thermocou@e ~~ction.
Another means which is not slways available, because the weight rate of
fluid may be fixed, is to increase the flow thereby causing an increase
in the wall temperature of the pipe with a consequent decrease in the
radiation losses. Increasing the flow also causes en increase in the
temperature of the thermocouple $xnction because of the decreased resist-
ance to heat transfer of the fluid flowing over the junction. The
readings of a thermocouple are therefore more accurate at the higher
weight rates. Insulation of the pipe ib not a cmnvenienhnethod because
the smount of insulation required to increase the relatively low pipe-
wall temperature to a point where the radiation term would becme smdd.
is lerge in terms of’space and weight when the temperature of the flqid
is in the region of 1000° F. Because of the ease of surfgce oxidation
of most metsls at high temperatures, polishingof the su.faces in order
to reduce theemissivity and in this w~to reduce the radiant transfer
of heat; is not a practicable procedure. The afwementioned methods
are not usually satisfactory, so that recourse must be had to the use
of shields to reduce the heat transfer by radiation. This method gives
the desired results for two reasons: Ftist, considering radiant heat
transfer only, the introduction of n shields between a radiating body

and its surroundings will decrease the heat transfer by a factor of ~;
and second, when such a system of shields is placed in a hot gas streem the
tendency will be for all the shields to attain the temperature of the gas
stream because of the heat transferred by convecticm. A ?i%cription of
the design of Welds snd a fuller discussion of the theo?$yunderlying
their use is presented in reference 14.

On the ventilating-air side of the test apparatus, these traversing
thermocouples were not shielded because calculation showed that the errcrrs
introduced by radiation frcm the thermocouple to the cooler pipe wall were
only about 1 percent of the temperature rise of–the ventilating air as it--
passed through the heat’exchanger because of the lower values of absolute
temperature involved.

v

—

.

*

..
9

._
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The measurement of fltid temperatures in heat-exchanger tests hbs
as its ob~ect the obtaining of the proper %ixedwanll temperature of
the fluid flowing at a section. This mean temperature can be obtained
by travereimg with a thermocouple, by using ‘laveraginglrnetworks of
thermocouples - both series and parallel - by using mixing devices, or
by using ccnnbinationsof these techniques.

Use of the first method implies that the temperature distribution
is the S- along any diemeter. This is not slweys the case and,
consequently, two or more traverses sJ.ongdifferent diemeters msy be
necessary in order to obtain a more re~esentative velue of the temper-
ature. Abetter method consists in employing devices to mix the fluid
before a traverse is made.

When multi@e temperature measurements sre to be used to obtain a
mixed-mean temperature of a fluid, the follx considerations must be
taken into account.

The totsl enthsl.py ~ (measured above zero temperature) of R fluid

of heat capacity Cp, weight density Y, velocity u, and temperature T
flowing in a duct is givenby

Ja?= JUCp7T ~
A

where UJ cp~ 7> and T sre taken at a differential erea dA and then

smmned up over the totsl area A of the duct.

The mixed-mean temperature Tm msy be defined by3

f-

Ucpn dA
A

‘m ‘ (4)

Ucpy dA
A

Because Cp and 7 are fmictions of temperature end mey vary across a

duct section, and because u varies according to the flow character-
istics, these variables must also be measured at the seinepotits where
the temperature is measured in order to obtain a true mixed-an temper-
ature. The integration csnbe accmnplished graphically. --

.

—

%hemixed-mesn temperature Tm’ corresponds to the temperature which

would be obtained if a rewesentative sample of the fluid flowing were
adiabatically mixed to a uniform temperature before a measurement of the
temperature was undertaken.
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If’ Cp and y are not functions of temperature (or if the
temperature gradient in the fluid Is small) these terms may be taken w-
out of the integrel so that

-.

~

UT dA

UA
Tm =

udA
—

In this laboratory the temperature measurmmnts are usually made
over small sreas Al, %.. . ~ such that UIA1 = u& = . . . ~&.

If the Intemal.s ere first replaced by a summation of the mean values
over finite-areas, the

Tm =

=

equati& then &n be simplified as follows:

(5)

b

D J

Thus the arithmetic average of these specified temperature measurements
may be taken as the mixed-mean temperature. This technique requires a
knowledge of-the velocity distribution in a duct-which is a function of
the Reynolds modulus R.

—

At a particular value of the Reynolds modulus, zones are defined
such that the product of velocity and Intercepted area in.one zone Is
equal to that in any other zone. Because the distribution of velocity
across a duct section is a function of the Reynolds modulus, the
location of these zones Is variable. If the temperature in each small
zone does not vary greatly, then a measurement--ofthe temperature at
the midpoint of the zone mqj be taken as the mixedaeen temperature
of-that zone. If the temperatures do very greatly In these zones,
then a more exact location ‘of”the @oper point for temperature measure-
ment in each zone requires SUMS lamwledge of the taperature Ustributfon.
For a value of R = 90,000 In a circular duct the points for a ten-point-
temperature traverse sre

u–

r
q= 0.21, 0.51, 0.67, 0.80, and 0.92



NACA TN No. 1455 13 ‘

where r. is the ra~us of the yips and r is the radlsl distance to
the point. These points are at the midpoints of the ten zones of
equal uA.

The use of averaging networks of thermocouples consists in locating
the thermocouples at certain yoints in a section of a fluid streem aiid
recording either the arithmetic average value directly or the sum of
several thermocouple readings, from which the arithmetic average may le”
obtained by &lviding the sun by the nmnber of thermocouples. .Thls method
considerably slm@ifies the obtaiting of the mixed-mean temperature, but
some practicsl difficulties exist. If the thermocouples are connected
in peralllel,with equal electrical resisttices of the individual leads,
then the desired average temperature is obtained, provided that all the
thermocouples are functioning. There are difficulties involved when a
thermoco}@e is no longer functioning, for then the accuracy of the .
‘faverage reading cannot be certain unless the network is easily acces-
sible for frequent inspection. Obtaining leads of equal resistance
for each thermocouple, a necessary requirement, is scmetimes difficult
because the resistance of the leads is a function of temperature. The
series system of connection slso has some disadvantages. If one of the
thermocouples beccmes faulty the entire network is rendered unusable. “
Also, the fact that the thermocouples are c~ected in peries mesns that
if a lerger number of thermocouples are used, the range of the usual
potentlmaeter msy be exceeded at moderate teznyeraturesand consequently
it may not be possible to employ a sim..e nti method of measurement.
If a nti method is not used, then the measurement of current or voltage
is a function of the electrical resistance of the thermocouple system
which is in turn a function of t~perature. Thus a calibration is
required for a large temperature range. ‘

Mixing devices are used to mix the fluids so that a more uniform
distribution of taperature is obtained. A device for mixing exhaust
gases which was used in these laboratories with satisfactory results
is shown in reference 1, where the results obtained with one or two
other types are also discwsed briefly. Orifices ere generalJy used
with equally satisfactory results for the mixing of the ventilating
air at outlet to increase the accuracy of the temperature traverses.
The efficacy of verious types of this device, as noted by different
experimenters, is listed in reference 16. —

—

The fluctuation of the fluid temperature was not a factor in the
tests performed on the large test stend, but may”be a small factor in
flight tests in which the temperature of the exhaust gases varies with
time. Because of the thermal capacitance of thermocouple leads,
however, and the h@h frequency of the gas temperature cycle, the
temperature recorded by thermocouples in such a gas stream is”-~time
meen of the fluctuations.
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Surface-temperaturemeasurements were obtained.in some tests by
using chrcmel-alumel th–ermocoup.bswelded to the surfacetiof which
temperatures were desired. Other methods of attachment which ere in
use ere (1) peening of the thermocouple @nctions in specially prepared
holes and (2) fastening the Junction to the metal by placing it under
a rivet head or by fastening the thermocou@e wires to the rivet.
Calculation of the error in surface-teqerature measurement by thermo-
couples because of thermal losses frcm the thermocouple leads is made
possible through use of the methods presented In reference 17. These
methods permit the estimaticm of the effect on this error of the
vsriation of the size of the lead tires, the thermel conductivity of
the leads, the thermal conductivity, and the thickness of the surface
of which the temperature is to be measured, as well as severel other
physical vsriables.

These thermal losses in the leads may be decreasedby flattening
the leads and hying them along the surface for a short distance so ‘
that this section of the leads is in good therqal (but not electrical)
contact with the surface. This procedure decreases the thermal
gradients in the leads which control the heat losses fram the leads
for a short distance from the junction. Another method of achieving
the ssme result consists in making a groove izthe surfaoe snd
imbedding the leads in this groove.

.

Radlcmmters similsr to those described_in references 18, 19,
and 20 have been used to measure surface temperatures as low as 300° F.
These low temperatures were measured by means of a radiometer of the
design described in reference 18. The theccryfor this design, which
was used for the measurement of surface temperatures in turbosuper-
chargers, is also discussed in reference 18. Other radiation pyrometers
of improved desi~ are reyorted in references 19 and 20.

k-

?

The use of lacquers, pellets, and crayons..forthe evaluation of
the msximum temperature attained by a surface is a method of measurement
which is also worthy of attention. The lacquers and @.1.ets have a
range of temperature fratnabout 125° to shout 16!)0°F, whereas the
crayons have ‘atem~erature range of about 125° to about 700° F. At the
lower temperatures the selection Is available for about every 25° F, but
at the higher
are available

temperatures the selection Ismyr? limlted and the lacquers
only at inter+ais of 50° 1?or more.

—

Fluid Metering

The theory and the practical application of sJL tyye~ of fluid
— ...

meters are extensively discussed in the report by the A.S..M.E. (See
reference 21.) In this laboratory the meters used have leen exclusively
of the lfheadlfclass, in that they are dependent upon a change of the

b.

fluid head as an Indication of the fluid rate.
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The weight rates of fluid through the heat exchangers were measured.
using calibrated square-edged crifice plates the coefficients of which
corresponded to the standard values given in reference 22. The orifices
sre calibrated when in their operating location in the 8-inch round
ducts of the test stand, by ccmparing the flow rates measured with these
orifices and those calculated from traverses with a pitot-static tube of
standard desi~ (See reference 21.) The pressure-tay locations were
those for radius taps because the differential head o%tained with pipe
taps Is slightly smaller than that obtained,tith the radius taps. Other
types of tap (flange, vena contracta, etc.) are used, but they are more
difficult to locate accurately than are the radius taps. If the maU
differential head is not a factor, then the pipe tap are probably more
desirable beca~e they do not have to be located so accurately to corre-
spond with the standard” coefficients given in reference 21.

venturi meters and nozzles cause less over-all pressure loss than
orifices and would therefore be more desirable when high weight rates
of fluid are to be attained. Other low-pressure-drop metering procedure~
are:

—

(1) Use of a section of calibrated yi~

(2) Measurement of the velocity of the fluid with a pitot-
static tube.

The first method involves the measurement of the frictional
pressure loss within a section of pipe at knuwn fluid rates such that
the pips is calibrated for all future use, except for occasional
rechecks to make certain that the roughness of the pipe (due.to rusting,
etc.) has not caused a change in the calibration. The second method,
based upon the use of a pitot-static tube for measurement of the velocity

. of the fluid at a fixed point, depends upon the placing of th$s Qitot- __
static tube either at the yosition where it wi12 measure a velocity
corresponding to the average velocity in the section or where it wild.
measure the meximum velocity in the section. Because of the fact that
the radial location of the velocity corresponding to the average velocity
changes with the Reynolds nmnber and because a slight variation of the
pitot tube from this point mesns a relative~ great change in the .

velocity measured (the point is usually located on a portion of the”
velocity-distribution curve where the gradient is very large), it is
again necessary to calibrate the readings against known fluid rates.
Calibratia is also necessary when the pitot-static tube is placed

.-..-—--——

at the center ,ofthe piye to measure the maximum velocity because of
the fact that the ratio of the average velocity to the maximum velocity

—-

varies as the Reynolds modulus is varied. Of course, traverses with
a Pitot-static tube me ~SO msans of obtating a flow rate~ the ten-
point method being the most ccmmonly used system for the placement of

U the pitot-static tube.
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Pulsations in the flow which originate-at the blower were not
apperent at the orifices at low weight rates, lut when the maximum
flow was approached scme fluctuatim was ~esent, even a~ far as the

-.

heat exchanger, since the pressure-dropmsnameter readings were not
steady. At these high rates, however, the fluctuation range was only
a small percentage of the value to be measured. Two devices for the
measurement of pulsating flows sre described snd discussed in refer-

-L

ence 23, and a general discussi~n of the errors fnherent-~n the use of
.-

squsre-edged orifices and other instruments for measurement of pulsating
flows is given In references 24 to 27. Reference 23 also contains a
chart which permits determination of the rsnge of the pulsatim error
included in the readings of arifice meters if the readings obtained with
a mechanical pulsemeter, one of the devices described in the article,
sre available.

The flow rates sre mdered before the fluids pass through the
respective sides of the heat exchanger because this obviates the
difficulty of metering high-temperature fluids, a distinct disadyan@ge
in the case of the hot exhaust gases which are.frequently at temper-
atures of 1400° 1?on leaving the heat exchanger. On the gther hand,
metering the fluid before it enters the heater section has disadvantages
in that the presence of leaks at the entrance to the heater will mean

—

that the determination of the amount of fluid flowing through the
heater is in error. Because ell leaks in the test-setup connections

.

are prevented, if possible, and because the effect of most leske is
.

negligible, it was felt that the advantages ofmetering the fluid
before it enters the heater outweighed t~e disadvsntag~s of so doing.

—

Metering the fluids before they enter the heat exchanger required the
4-

seperate metering of the natur~ gas end cauibustionair and the subse- ._
quent addition of these rates to obtain the weight-rate of the exhaust
gases through the heat exchsnger.

Pressure Drop

In order to
exchanger system

determine the pressure-drop characteristics of a heat-
the following magnitudes may be measured:

(1)

(2)

(3)

Total pressure

~eloclty pressure

Static yessure

Various instruments used for these measurements sre tiescribedin this
section.

The fundamental pressure-dropmeasurement which should be used
to evaluate the performance of a heater syst~ is the Isothermal total-
pressure drop. This term represents the irrecoverable losses due to
skin friction, expansion and contraction losses, and so forth, snd is

—

u

—
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also referred to here as the fdictionsl pressure loss. Pressure &opB
due to acceleration of the fluid are recoverable either by mechanical

<
mesns (diffusers, etc.) or by thermal means (cooling of the fluid).

~ the case of isothermal flow a measuranent of the total-pressure
drop across a system is sufficient to determine this frictional pressure
loss. In the special case where the cross-sectional areas for flow sre
equal and the velocity distributions are equal at the upstresm and down-
stream measuring stations, a measurmmnt of the static-~essure drop is
sufficient.

For a nonisothermsl-flow systa the measwement of the total-pressure
drop is not sufficient to evalupte this frictional pressure loss, and thus
additional csl.culationsere required. 9

Of course the frictional pressure loss is not the only pressure
measurement desired in the analysis of a heater. For instance, for
mechaniceilor structural reasons it may be necessary to know the value
of the static yessure at a certain point in the exchanger system. For
_ticd design purposes, however, the frictional pressure loss is
important because it is useful in estimating the flow of fl.@d ttiough ““”-””‘.“.
the heater and thus fixing the,rates of heat transfer obtainable. This
term is easillymeasured under isothermal conditions and also can be
esthnated frcm lmown values of friction factors end head-loss coefficients.

In the folJowing text the instrwnents and fittings used to measure
the previously mentioned pressures or pressure drops wilJ be discussed

w first, and then the significance of these measurements with respect to
the relations between the frictional yessure loss and the totel pressure,
velocity pressure, and static pressure wi12 be shown by means of equations.

Discussion of instruments.- Static pressures, if constant over thg
measuring section (fsr frcm bends, etc.) csn be measured most simply
through the use of properly installed wall taps. In &Kl the tests
reported here, these w8JJ.taps were used to measure the static-pressure
drops. The taps usudd.y consisted of a l/32- to l/16-inch hole drilled
through the pipe wall after a suitable fitting for the ~ometer leads
had been installed on the outside of the pipe. The inner pipe surface
nesr the static hole must, of course, be clesn and free from burrs, and
so forth. In a few cases, not reported here, special ‘%ound~headf’taps
(see following sketch) were inserted through the pipe wall to measure
the static pressure.

—
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#

1To manometer

Round-head taps

1To mnomet’er

Wald.taps

These round-head taps were satisfactory at low fluid velocities but
yielded low values of static pressure at high velocities because of the
distribution of static pessure over the surface of the round head.

If the static pressure is not uniform across the duct section, it
beccmes necessary to use a traversing tube to-measure thk static-pressure
distribution. These tubes are satisfactory if yoperly directed in the
fluid stresm. If the static pressure varies because of cross-flow
components of velocity, however, the proper orientation of these tubes
in the fluid stream is difficult. Static tubes are very useful when the
walls of the duct ere in such condition that WSU. taps sre difficult to
install. “

Velocity ~essures and total pressures were measured with traversing
tubes. The velocity pressures were measured with standard pitot-static _
tubes only, but the
tube. The ordinary
ments, but the more

total pressures were measured witfitwo types of pitot .

pitot tube was used
recent measurements

for some of the earlier measure-
of the totel pre-ssurehave been
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csrried out by msking traverses with shielded total-head tubes. These
* tubes have a venturi section located over the inlet of the total-head

tube and are very insensitive to the direction of flow of the fluld with
respect to the axis of the total-head tube. The angle between the sxis
of the tube and the flow direction csn become as high as about 60°

.

to 800 lefore anotlceable change occurs in the reading obtained with
-.

the tube. Such tubes are nonetheless sensitive to changes in the magni-
tude of the total pressure. Scme of these tubes have been made of
stainless steel and were satisfactorily used in the tests on heat

—

exchanger I to measure the total pressure in the hot exhaust gases. .—

Discussion of pressure-drop equations.- For isothermal flow the
frictional pressure loss is determined fram the measurements of the
total pressure at given sections because the totsl ~essure is a
measure of the mean mechanical energy of the fluid at those given .
sections. This energy consists of the potentisl ener~, measured by

\--_-—

the static pressure, end of kinetic energy, measured by the velocitya

pressure. The mean static heads ~~ and the meen velocity heads &

represent the ratlc of the respective potential end kinetic energies
of the fluid passing a given section in unit t- to the weight of
fluid passing the section in the same unit time. (See reference-28.)

P~~
The mesn static pressure 2 and the mean velocity pressure ~ may

be thought of as the ratio of the energy of the fluid passing a given
section in unit time to the volume of fluid passing that section in

. the same unit time. The kinetic energy of the fluid pss~ a given
section in unit time is then equal to one-half the product of the mass
rate of the fluid and the squsre of the velocity of the fluid, as
follows:

where

dm

u

Y.

r

. r.

mass rate of fluid flowing in differential snnulus

velocity of fluid in snnulus

weight density of fluid

radial distance &cm center of circulsr duct to annulus

radius of duct

●
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b? differential thickness of snnulus (symnetricel flow is
postulated)

g gravitational force per unit of maps _

If the kinetic ener~ of the fluid passing a &iven section in unit time

()
is divided by the volumetric rate of the fluid ~ , the result then

36007
represents the velocity pressure. By letting the static pressure
represent the potential energy, the over-all energy loss of a fluid
flowing fram one section of a duct to another can be expressed by the
fo~owing equation:

—

which can be simplified to
.-

36001rY2

(1
Ma-b= (pa-~) +~ Ora ~3rdr-~ub3rdr) (6)

.

.

where ~a.b is the friction&1.loss frcm section a to section b, that
is, the irrecoverable loss of energy.

Under certain conditions, equation (6) can be simplified:

(a) If the sreas at the two sections sre riotequal, but the velocity
.—

distributions are the same (or approximately the ssme), then equation (6)
reduces to:

ma-b = (Pa - pb) + (~a - qb) = (Pa + qa) - (~ +-qb) = ~tot~ (7)

2

where qa ~ qb sre the velocity pressures .<% at-the two sections,

respectively. (The term ~ is the mean velocity at each cross section.)
It-csn be seen frcm the form of the equation that for this case the
isothermal frictional pressure loss.cen be obtainedbyneasuring the
difference in the total pressures at the secti~ under consideration.
It should be noted here that some caution is necessery when usi~ results

.
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of a totel-yessure traverse to determine this frictional loss becauee~
as is evident frcm equation (6), the total pressure is a function of the
cule of the locel velocity, but the values obtained frcm measurements
with a total-pressure tube.ere functions of the squere of this velocity.
A precise determination of the total pressure of a stream frcautraverse
data csnbe made only by reference to equation (6). The 10CSJ-velocity
must be determined (by makin& for example, both total- and static-
pressure measurements at the same yoint) and the integrsls on the right-
hand side of equation (6) must be evsluated.graphically. Itcsnbe” ‘“ ‘=
said, however, that In most cases the total pressure determined in this
msnner does not differ gxeatl.yfrqm that obtained by taking a simple
arithmetic average of the data frm a traverse with a total-pressure

.-.

tube. Some exper~nts performed in this laboratory indicate that the
errors ere about 7 percent or less.

(b) If the ereas at sections a and b are equal and
distributions sre the same (or ap~oximately the seine),
reduces to

if the velocity
then equation (6)

(8)

. that is, the isothermal fictional pressure loss is equel to the differ-
ericein static pressures at stations a and b. For this case, then, the
static-pressure drop as measured by well taps or static-tube traverses,

,- and so forth is sufficient to obtain the isothermal.tiictionel loss.

For the case of nonisothermal.flow the frictional pressure drop
cen be determined frcanthe following expresslon4 (reference 13):

()
0.13

%Ihemultl@iers ~ end & ere used to correct the

isothermal value of ~a.b to another temperature Tav and density pav.

Thus the term on the left-hand side of equation (9) is the isothermal
frictional pressure loss at Tap and pav.
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where

(%+%+ (Pb+gb) total pressures at measuring sections a and b

~ha) ~hb velocity yessures at ‘entranceand exit of heat
exchanger (of constanticross-secticnel area),
respectively

Pisos pa~ average densities within system for isothermal
.and nonisothermel flow conditions, respectively

From equation (9) it cen be seen that the total-pressure drop between
the pressure measuring staticms is not equal to the frict~al pressure
loss in the case of nonisothermal flow lnztdiffers from it by en
amount correspcading to the thermal acceleration (or deceleration) of
the fluid within the heat exchanger qhb

( - qha)~ The f??iCthId

pressure loss can not-be regained by use of mechanical devices, but
as shown in reference 13, this loss (and more) can be rega@ed by
thermal means. Consequently, it is usually considered as part of the
pumping work which must be done upon the fluid to force It through the
heat exchanger emd duct system.

If the ereae.at the pressure measuring stat<ons are equal, then
equation (9) reduces to the

.

.-

form:

,,

() Tb
= (Pa ‘pb)+~l-~ ‘,(qhb-qha) (lo)

a

The magnitudes of the frictional pressure loss “&e determined fram
laboratory.measuranentsin the following manner: Either the static-
pressure drop (Pa -Pb) or the totel-pr&mre droy (Pa + qa) - (Pb + qb)

is measured. The tOI’m(qhb - qha)~ the ch%e IQ vQlocitY Presswe due
to heating or cooling (change in fluid density) through the heater
section (for constant cross-sectional area within the heater), is
calctiated. These measurements and calculations are then used”in

equations (9) or (10) to calculate AFa-b~&~s13(&). Of oouree

if the measurements consist of%nly the 8tZ3MC-peSSUrt3 drop (Pa - pbj,

then qa and. qb must be calculated to obtain (Pa + qa) - (pb + qb).

Inmost cases, for nonisothermal flow the measurements of total-pressure
drops are not of much more use than measurements of static-pressure
drops because additional calculations are necessary in either case in

A

ord~r to obtain ~a-bo It

Urops are usueUy easier to
not required, provided that
measuring stations.

may be stated again that static--pressure
.-

. —

obtain, because traversing of the streem is
the static pressure is uniform at the

..- —

,- —-
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pressure 105s
‘429”’’(-) = ‘e ‘e’ine’

equation (9) as the totsl-yessure &op which woul”doccur if the
fluid passed through the heater systa at constant temperature Tav

(that is, isothermal flow) md cotit=t deuity pav”

It should be noted that the pressure-drop values shown ~aphicslly

(9*13(-)in this report are values of ‘a-b Tiso because the data

are given for isothermsl flow (for ~ir at 100° F &d exhaust gas
at 1500° F), end sM. static-pressure-dropmeasurements have teen corrected
to equal areas, if necessary (that is, calculated to be tot,sl-pressure
drops).

Additional theory and derivatim of these equatims are given in
references 13 and 29. DiscussIon of the significance and limitations

0“13 piao

()

Tav
of use of the term —

Tlso
— is given k the section RIZIUCTION
Pa~

DATA, Pressure I&op.

Department of Engineering
University of California

Berkeley, Calif., October 3(S,1944
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Approach section Heat-exchanger section Exit section
(Weighted mean values ) (Wei@@i mea.u values) (Weighted mean values;

Air side Gas side Air side Gas side Air side Gas side
Cross-sectional area, sq ft 0.254 0.127 0.202 0.265 0.4(KI 0.233
Hesk-t.mmsfer area, sq ft 3.87 3.87 16.0 13.5 3.12 3.12
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Figure 14.- Schematic diagram of test setup of heat exchanger D and air shroud, showing location of

static-pressure and temperature measuring stations.
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Figure 33.- Flat-plate heat exchanger I and (on right) disassembled heater and headers.
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Figure 41. - Hollow -pin heat exchanger K.
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shroud, showing location of static-pressure and temperature measuring
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Figure 53. - Aluminum-alloy fin heat exchanger N.
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shroud, showing location of static -press~e and temperature measuring
stations.
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Figure 61. - Slotted-fin heat exchanger P and testsetup.
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